site close to C-terminal end of the NUDE (data not proteins in directed yeast two-hybrid assays. A murine full-length CDHC clone was isolated (S. Sasaki et al., shown).
Based on this preliminary information from fungi, we submitted). Either the P1 loop domain or C-terminal domain of CDHC was conjugated with the activator doexamined these molecular interactions using mouse 
coiled-coil domain of NUDEL (amino acids 56-166)
We isolated murine Cdk5 and p35 from a murine brain cDNA library and generated glutathione S-transferase bound with itself as well as LIS1 ( Figure 3A ). Curiously, a distinct C-terminal region outside of the coiled-coil (GST) fusion proteins for these proteins, NUDEL, and histone H1 as a positive control. NUDEL and histone domain of NUDEL (amino acids 256-291) was found to be critical for binding of NUDEL with the P1 loop domain H1 were specifically phosphorylated in the presence of Cdk5 and p35 ( Figure 4A ), and phosphorylation of both and C-terminal domain of CDHC ( Figure 3A ). This region is also highly conserved between different species (Figproteins was specifically inhibited by the Cdk5 inhibitor Roscovitine. Thus, NUDEL is an in vitro substrate for ure 1A) and murine NUDE (data not shown). LIS1 binding sites for other proteins could not be precisely deterphosphorylation by Cdk5/p35. Phosphorylated NUDEL was digested by two different proteases and separated mined. Only proteins with small truncations from the N terminus displayed any binding activity ( Figure 3B) .
by two-dimensional extension. Six distinct phosphorylated spots were detected in both reactions, suggesting Since the 7 WD repeat covers almost the entire region of LIS1 (Neer et al., 1994) LIS1 with NUDEL and CDHC, we examined the localizaIn order to confirm this interaction biochemically, we tion of these proteins during neural development. In extracted native microtubules from brain tissue lysates mitotically dividing neuroblasts or immature postmitotic (CE, Figure 3C ). After polymerization with Taxol, a signifineurons, the centrosome is an organizing center for cant fraction of LIS1 and NUDEL copurified with the microtubules. Once neurons mature, the centrosome tubulin-dynein fraction (P5) that contained the dynein undergoes morphological changes and participates in IC. Although some of these three proteins were soluble axonal projections and dendrite formation (Baas, 1999). after Taxol (S1, Figure 3C ), all three remained stabily NUDEL was localized predominantly in a punctate, periassociated with microtubules during multiple pellet nuclear region consistent with the centrosome in the washes (S2-S4) The dynein IC was released from the developing cortex of E15.5 embryonic brain ( Figure 5A ). highly purified tubulin fraction (P5) by treatment with
The punctate localization patterns of NUDEL and LIS1 Mg-ATP (S5). Similar amounts of LIS1 and NUDEL were were commonly observed from the ventricular zone to also released from the P5 tubulin-dynein fraction by Mgthe cortical plate and colocalized with ␥-tubulin ( Figure  ATP (Figure 3C ), demonstrating that LIS1 and NUDEL 5B), suggesting that a portion of the LIS1/NUDEL comform a complex with cytoplasmic dynein motors on miplex is centrosomal. NUDEL and LIS1 were also decrotubules in the cell. tected in the neuronal cytoplasm at these stages. HowWe next examined these interactions using recombiever, by P5, the distribution pattern of NUDEL and LIS1 nant proteins in COS cells. GFP-tagged CDHC-exprestogether began to shift to the axon, and, in the adult sion plasmids were made to express the P1 loop docortex, it was specifically localized to the axon (Figures main, tubulin binding domain, and C-terminal domain 5A and 5B). This is clearly seen when similar cortical of CDHC (GFP-CDHC HindIII) or only the C-terminal dosections were individually stained with anti-NUDEL and main (GFP-CDHC XhoI). LIS1 and NUDEL were conjuanti-LIS1 antibodies ( Figure 5B , bottom panel). This dygated with His tags for identification after cotransfection namic change of distribution of the LIS1/NUDEL was with GFP-tagged CDHCs. GFP-tagged full-length CDHC also observed during cerebellar development (data not was specifically coimmunoprecipitated with both LIS1-shown). In other regions of the adult CNS, NUDEL was His and NUDEL-His ( Figure 3D cells were fixed with 95% methanol at 4ЊC for 15 min. The cells As a control, no signal was detected using sense probes for either were stained with anti-CDHC antibody (Santa Cruz) to detect endogLis1 or Nudel (data not shown).
enous CDHC.
Yeast Two-Hybrid System Using Libraries from A. nidulans Recombinant Cdk5, p35, and NUDEL mRNA was extracted from A. nidulans using Trizol (GIBCO-BRL).
Cdk5, p35, and NUDEL were cloned into pGEX-4T for expression Poly-A mRNA was enriched by oligo-T latex (JSR). Poly-T and ranas GST (glutathione S-transferase) fusion proteins in bacteria. GSTdom primed cDNA was synthesized using the Superscript system Cdk5, GST-p35, and GST-NUDEL, were individually expressed in E. (GIBCO-BRL) and cloned into Ziplox (GIBCO-BRL) for cDNA coli strain BL21 (DE3), purified from bacterial lysates by glutathione screening and pB42AD for yeast two-hybrid screening (Clontech).
bead pulldown, eluted and purified by gel filtration on a TSK gel Fragments of nudF and nudE cDNA were amplified by RT-PCR using TOYOPEARL HW65s column (TOSOH, Japan). nudE (CGGGCCACCTCTTACGCATTTAGC and CTGGGCGGTTA GAAGGCGTCACAC) or nudF primers (AGCCCGTGCGAAGAACCAA GAT and AAGAAGCGCACGGATGAGACTGAG) and used to isolate
In Vitro Phosphorylation of NUDEL full-length cDNA clones of nudF and nudE. cDNA fragments were
The phosphorylation of recombinant NUDEL by cdk5/p35 (1 g/20 cloned into LexA vector to create a bait plasmid for screening the l reaction mixture) was done in the presence of 1 mM ATP, 2 Ci A. nidulans yeast two-hybrid library. We screened 4 ϫ 10 6 yeast [ Cerebral cortices from E15.5 embryos were dissociated with papain. MgCl 2 , and 1 mM EDTA) containing a protease inhibitor cocktail and Cortical cells were plated on poly-D-lysine and laminin-coated glass 1 mM DTT. The homogenate was centrifuged at 100,000 ϫ g at 4ЊC coverslips. Cells were maintained in DMEM (high glucose), supplefor 30 min, and the supernatant was recovered (cytosolic extract mented with 5% FCS, 5% HS, transferrin, sodium selenate, proges-CE). Taxol (20 M) was added to the CE to polymerize microtubules terone, penicillin, streptomycin, and L-glutamine. For immunocytofor 10 min at 37ЊC. The samples were underlaid with 10% sucrose chemistry using the anti-NUDEL antibody, cells were prepared as solution and centrifuged at 40,000 ϫ g for 30 min at 35ЊC (supernadescribed above. tant S1). The resulting pellet was again resuspended in extraction buffer containing taxol (20 M) and centrifuged twice as described above (supernatants S2 and S3). The pellet was extracted with 3 Sciatic Nerve Ligation Assay Following published methods (Okada et al., 1995; Hanlon et al., mM Mg-GTP for 15 min at 37ЊC 10 min and then centrifuged at 40,000 ϫ g for 30 min at 25ЊC (supernatant S4). Finally, the pellet 1997), the sciatic nerves of anesthetized mice were ligated with surgical thread. At 6 hr, the ligated sciatic nerves were removed was extracted with 10 mM Mg-ATP for 15 min at 37ЊC, and then centrifuged at 40,000 ϫ g for 30 min at 25ЊC. Following centrifugawith unligated control nerves from same animal. Tissue specimens were prepared for immunohistochemistry as described above. tion, supernatants was collected (supernatant S5), and the pellet
